Abstract The continuous stream of sediments, dredged from harbors and waterways for keeping shipping traffic efficiency, is a considerable ongoing problem recognized worldwide. This problem gets worse as most of the sediments dredged from commercial ports and waterways turn out to be polluted by a wide range of organic and inorganic contaminants. In this study, phytoremediation was explored as a sustainable reclamation technology for turning slightly-polluted brackish dredged sediments into a matrix feasible for productive use. To test this possibility, a phytoremediation experimentation was carried out in containers of about 0.7 m 3 each, filled with brackish dredged sediments contaminated by heavy metals and hydrocarbons. The sediments were pre-conditioned by adding an agronomic soil (30 % v/v) to improve their clayey granulometric composition, and by topping the mixture with high quality compost (4 kg m -2 ) to favour the initial adaptation of the selected vegetal species. The following plant treatments were tested: (1) Paspalum vaginatum, (2) Phragmites australis, (3) Spartium junceum ? P. vaginatum, (4) Nerium oleander ? P. vaginatum, (5) Tamarix gallica ? P. vaginatum, and (6) unplanted control. Eighteen months after the beginning of the experimentation, all the plant species were found in healthy condition and well developed. Throughout the whole experiment, the monitored biological parameters (total microbial population and dehydrogenase activity) were generally observed as constantly increasing in all the planted sediments more than in the control, pointing out an improvement of the chemico-physical conditions of both microorganisms and plants. The concentration decrease of organic and inorganic contaminants ([35 and 20 %, respectively) in the treatments with plants, particularly in the T. gallica ? P. vaginatum, confirmed the importance of the root-microorganism interaction in activating the decontamination processes. Finally, the healthy state of the plants and the sediment characteristics, approaching those of an uncontaminated natural soil (technosoil), indicated the efficiency and success of this technology for brackish sediments reclamation.
Introduction
Harbors and waterways are routinely dredged to ensure safe navigable waters. Since most waterways are located within industrial and urban areas or immediately nearby, the sediments transported by surface runoffs turn out to be often polluted by organic and inorganic contaminants (Meegoda and Perera 2001) .
The difficulty in locating suitable disposal sites for contaminated dredged sediments has contributed to develop the need for remediation strategies. Traditional decontamination techniques, including physical, chemical and thermal treatments, are in most cases, not economically sustainable due to the great yearly quantity of sediments requiring treatment (Meers et al. 2005) . Alternatively, phytoremediation could be considered the most cost-effective and environmental friendly reclamation strategy (Jones 1991; Schwitzguébel et al. 2002; Fayiga et al. 2004) , since it has the potential to bring slightly polluted sediments into productive use.
The phytoremediation technology is constantly developing in order to become an effective and reliable remediation method for matrices contaminated by a wide range of organic and inorganic pollutants. The effectiveness of this technology has been demonstrated in soil for many classes of pollutants, like oil hydrocarbons, polycyclic aromatic hydrocarbons, pesticides, chlorinated solvents, and heavy metals (Aprill and Sims 1990; Anderson et al. 1993; Nedunuri et al. 2000; Newman et al. 2001) .
Although much is known about phytoremediation efficiency in treating soil contaminated by heavy metals and organic compounds, much less is known about sediment treatment. The properties of sediments can differ significantly than those of soils, and therefore, technologies that work well for soils may be not effective for sediments. The compactness, the often high salinity, the poor aeration and the nutrient content of clay sediments that can hinder the root growth, are the most common problems of this kind of matrix.
The soil obtained after the technical and biological cultivation of contaminated dredged sediments can be defined as ''technosoil''. This term is, in fact, used to identify a soil originated from technogenic soilforming processes of waste materials (Lehmann and Stahr 2007) .
The selection of vegetal species is particularly important since they must be able to live and grow under these difficult conditions. Several studies have indicated that Phragmites australis, even though it is not a hyperaccumulator species, is a fast-growing highbiomass producer, characterized by a deep root apparatus and the ability to tolerate and/or accumulate heavy metals in its aerial portion (Cooper et al. 1996; Ö zdemir and Sagiroglu 2000) . Paspalum vaginatum is a herbaceous plant which, due to its aggressive and fast-growing characteristics, has been used in many bioremediation studies of contaminated or unproductive soils (Shin et al. 2006; Duncan 1994; Hue et al. 2002; Shu et al. 2002) . The successful establishment and colonization of shrub species, such as Tamarix gallica (Moreno-Jiménez et al. 2011) , Spartium junceum (Muzzi and Fabbri 2007) and Nerium oleander (Rossini and Mingorance 2004) , has been previously found in marginal areas and contaminated soil. Tamarix genus has proved to be resistant to salinity and efficient in accumulating metals, especially Cu and Pb (Kadukova and Kalogerakis 2007; Ö zdemir and Sagiroglu 2000) . Conversely, Spartium junceum and N. oleander, although having an extensive capacity to adapt to adverse environmental conditions, are not known as phytoextracting plants. Nerium oleander is characterised by a high rooting capacity and a significant amount of harvestable biomass; it has been used for assessing dust contamination in the urban environment (Freitas et al. 1991; Mingorance and Rossini 2006) .
In phytoremediation, the association of shrub and grass species can be adopted to provide sediment stabilization and protection against wind-blown dust that could move contaminants off site. Moreover, herbaceous species can play a key role in phytoremediation for their extensive and fibrous root system that exhibits the maximum root surface extension of any plant type (Aprill and Sims 1990) .
In order to follow the processes of soil valorization and decontamination, along with the determination of the organic and inorganic pollutant concentration, some physical-chemical and biological parameters, usually considered as good indicators of soil quality and functionality, have been evaluated in bioremediation experiments (Doni et al. 2012; Ceccanti et al. 2006) . Microbial biomass content and soil enzyme activities, responding quickly to the soil changes, have been considered as useful sensitive parameters (Dick and Tabatabai 1992; Doran et al. 1996) . In particular, dehydrogenase activity, indicating the status of soil microbial activity, has been used to give information on the whole metabolic activity in the system. This enzyme activity has been proposed as a valid biomarker of soil quality under different agronomic practices and climatic conditions (Ceccanti et al. 1994) and it is known to be involved in the bioremediation of organic contaminants (Frankenberger and Johanson 1982) .
In the present study P. australis (used alone) and the shrub species Spartium junceum, T. gallica, and N. oleander (used in association with the grass specie P. vaginatum), were used with the aim of reaching the following objectives: (1) sediment decontamination; (2) physical, chemical and biological amelioration of sediments (3) transformation of the sediment into an agronomic substrate, which can be used as a ''technosoil''.
Materials and methods

Experimental layout
The experimentation was set up in Pisa (Centre of Italy, 43°42 0 N, 10°23 0 E) in a dedicated area of 25 m 2 and consisted in 12 containers of about 1 m 3 each. Each container was equipped with a bottom drainage pipe, gravity-connected to a lower container for leachate collection. The leachate collection was controlled by a plastic tap, located in the bottom of each container (Fig. 1) .
The containers were filled at their bottoms with a drainage layer made up of 4 cm gravel (d m = 8-20 mm) overlaid with 3 cm sand (d m = 1-3 mm) and then filled with 70 cm of sediment. In order to preserve the sediment stability, a plastic net (0.5 cm space-net) was located between the drainage layer and the sediment.
The adopted polluted brackish sediments were dredged from the Navicelli Canal in Pisa (Italy), a navigable canal which connects Pisa to the sea at the Port of Livorno (length: 16 km, width: 32 m, depth: 3 m). These sediments were characterised by a high fraction of fine particles (Clay texture, USDA classification), a low salinity, a low contamination by heavy metals and a more significant contamination by organic compounds (Table 1 ). In order to improve their particle size characteristics, before filling the containers, the sediments were mixed with an agronomic soil (calculated as 30 % v/v) ( Table 1) . Finally, a layer of compost (4 kg m -2 ) was added on the top of the soilsediment mixture in each container in order to support the initial plant adaptation and growth (Table 1) .
The main characteristics of sediment, soil, compost and soil-sediment mixture used for the experimentation are shown in Table 1 .
The treatments, carried out in two replicates, were the following: (1) P. vaginatum (P), (2) P. australis (Ph), (3) S. junceum ? P. vaginatum (S), In October 2010, an irrigation system was installed and the selected vegetal species was planted. P. vaginatum was planted at a density of about one plant per 5 9 5 cm square of sediment surface. After the grass cover, the other plant species (T. gallica, S. junceum, N. oleander, P. australis) were planted at a density of one plant per 30 9 30 cm square.
The monitoring of the pilot system consisted in sediment samplings carried out twice a year. In this paper the results of the samplings performed immediately after planting (October 2010) and 18 months later (May 2012) are reported.
Each sediment sample was a composite of three sub-samples that were mixed, homogenized, sieved (2 mm) and stored at 4°C until chemical and biological analyses. Three composite sediment samples per each replicate treatment were collected at surface (0-20 cm) and subsurface (20-40 cm) layers and analyzed separately.
The leachate from each container was also collected and analysed at the end of the experimentation. The contaminant concentrations found in the leachates (data not reported) were very low when compared with the Italian Legal limits for the discharge in surface water (D.lgs. 152/2006) and in most case below the detection threshold of the adopted instrumentation.
Furthermore, plant samples of each species were collected from each treatment with the aim of evaluating the development of their shoots and roots. The eradication was performed by first carefully digging around the plant roots and then removing the plants, so as to leave the major roots intact. To quantify the plant development, selected representative shoots and roots of each plant species were measured in length, and the obtained measurements were reported as average values.
Chemical and physical analyses
The particle size analysis was performed by a pipette procedure (Indorante et al. 1990 ). pH and electrical conductivity (E.C.) were measured according to Violante and Adamo (2000) methods. Total organic carbon (TOC) and total nitrogen (TN) contents were determined by dry combustion in a RC-412 multiphase carbon and a FP-528 protein/nitrogen analyzer, respectively (LECO corporation). N-NO 3 -was measured with a nitrate-selective electrode (Sevenmulti Mettler Toledo). Total phosphorus (TP) and total metals were determined by colorimetric method (Murphy and Riley, 1962) and atomic absorption spectrometry, respectively. The total petroleum hydrocarbons (TPH) were determined by the gravimetric method according to Ceccanti et al. (2006) .
Biological analyses
Dehydrogenase activity was measured using 0.4 % 2-q-iodophenyl-3 q-nitrophenyl-5-tetrazolium chloride (INT) as substrate; iodo nitro tetrazolium formazan (INTF) produced in the reduction of INT was measured by means of a spectrophotometer at 490 nm (Masciandaro et al. 2000) . Colony forming units (CFU) were determined in aqueous solutions (1:10 w/v sediment:water solution) based on the surface-plate counting procedure (Jayasekara et al. 1998 ). The extraction was carried out in tubes with sterile water and vortexing for 2 min at room temperature. Serial dilutions were E.C. electrical conductivity, TPHs total petroleum hydrocarbons made for the extracts using distilled water. A volume of 0.2 ml was spread onto plates prepared with plate count agar (Sigma Aldrich) as adequate growing medium.
Plates were incubated at 29°C for 48 and the CFU per gram of sediment were calculated.
Statistical analysis
The Statistica 7.0 software was used for the statistical analysis. All results are the means of six replicates (n = 6). All numerical parameters before statistical analysis were normalized and autoscaled so as to obtain for all the results of each variable a zero mean and a unit standard deviation (Latorre et al. 1999) . Differences among times (initial and final sampling times) and treatments were tested by analysis of variance (one way ANOVA). The means were compared by using least significant differences calculated at P \ 0.05 (Fisher's test). Finally, the results were studied using principal component analysis (PCA), a multivariate statistical data analysis technique, which reduces a set of raw data to a number of principal components that retain most of the variance within the original data, in order to identify possible patterns or clusters between objects and variables (Carroll et al. 2004 ).
Results and discussion
Plant development
In order to evaluate the development of the different plant species, the lengths of shoots and roots were measured (Table 2 ). In the shrub species, the growth percentage of the shoots ranged between 410 % (N. oleander) and 670 % (S. junceum) with respect to the initial plants. Spartium junceum showed also the highest root development (growth of 325 %), reaching, at the end of the experimentation, a depth of 65 cm. Root length is a parameter that expresses the potential for absorption of nutrients or water from soil (Atkinson 2000) . It has also been found that root length better discriminates different experimental treatments than total root weight in the case of wheat (Box and Ramseur 1993) and it is more important for solute uptake than root weight (Nye and Tinker 1977) . Moreover, P. australis reached 60 % of plant cover and P. vaginatum completely covered the sediment surface in all the treatments (100 % of plant cover). These results indicated a successful adaptation of plants to this unfriendly matrix.
Chemical parameters
At surface level (0-20 cm), the decrease of total organic-C over time in all the treatments (Table 3) is probably due to mineralization processes taking place during the compost degradation of readily available substrates. At the end of the experimentation, the higher C contents observed in the planted sediments with respect to the control suggested the contribution of plants to organic matter incorporation in the sediment matrix. Moreover, the maintenance of a vegetation cover exerts a positive influence on the C sequestration by means of root exudates and plant remains; this role of plants has been extensively ? Paspalum, C control, P Paspalum discussed in a wide variety of agro-soil ecosystems (Garcia et al. 1997 ).
The increase of N concentration (Table 3 ) observed in all the treatments at subsurface levels (20-40 and 40-60 cm) can be related to the process of organic matter mineralization at surface layer and to the release of N soluble compounds, which migrated over time in the deeper layers (Hadas et al. 1996) . The enrichment of mineral nutrients (P and N), especially at subsurface levels, could represent a beneficial effect of applying organic materials because of nutrients becoming slowly available to the plant roots without the need of an external supply. The mineral-P plant absorption could explain the general decrease in phosphorus concentration during the plant growth experiment in the grass-shrub association treatments at the subsurface layers (Table 3 ). The rapid uptake by plant of quickly exchangeable P is in agreement with previously published results (Fardeau 1996; Frossard et al. 1996) . In a previous study on compost application in a sandy soil, a strong increase of uptake of soil P by the plant has been reported (Traore et al. 2002) , suggesting a general improvement of plant growth in the treated sediments. On the other hand, an increase in nitrate concentration was observed in all the plant treatments, thus confirming that good aeration conditions can enhance the plant-root development. The addition of compost and the root colonization, by ameliorating the chemical-physical and nutritional characteristics of the sediment, made this poor growth medium very similar to an agricultural soil ecosystem (technosoil).
Biological parameters
The microorganism content and activity were more markedly influenced by the different plant species than by the chemical properties. The plant treatments generally enhanced the total cultivable microbial population in all the treatments and in all the sampling layers, even though the effect of depth was, in any case, well evident (Fig. 2) . The higher microbial growth measured in the first 20 cm of sediments was probably due to the effect of compost application. Comparing the different plants at surface level, the S treatment was the most efficient in stimulating microbial growth while the Ph treatment was the least efficient. This suggested that at this level the establishment of the P. vaginatum coverage (100 % of cover) had an important role in affecting the microbiological state of the sediment. In fact, it is well know that plants release root exudates (Lambers and Poorter 1992) , which can serve as substrates for the microbial community activity, thus increasing the number of microorganisms (Salt et al. 1998 ). The root growth speed, morphology and distribution of the selected plant species can be the reason of the different activation levels of biological processes observed in the different plant treatments. Several studies regarding the microbial community involved in phytoremediation, indicated that the composition and size of the microbial community in the rhizosphere depends on plant species, plant age, and soil type (Campbell 1985; Atlas and Bartha 1998) .
Plants have many important functions also in the stimulation of the microbial metabolism, providing a carbon source for microorganism activity and oxygen transfer from air to the sediment. An increase in dehydrogenase activity (Fig. 3) , which is considered an indicator of global microbial metabolism, was showed throughout the experiment at the subsurface layers (20-40 and 40-60 cm). Conversely, this enzyme activity at 0-20 cm was higher at the beginning of the experimentation than at the final time. This result can be probably attributed to the compost application both as substrate and as microorganism species which contributed in stimulating the sediment microbial activity. Many papers have reported the essential role of dehydrogenase enzyme in the oxidation of soil organic matter (Rossel et al. 1997) . Dehydrogenase activity in all the sediment treatments assumed relatively high concentrations when compared with those of cultivated soils (Pajares et al. 2009; Caravaca et al. 2002) , thus confirming the transformation of this unfriendly matrix into a sort of biologically active soil.
Inorganic contaminants
At the end of the experimentation a general decrease of Cd and Zn was observed ( (O, T and S treatments) and in the Ph treatment; at these levels, the differences between initial and final samplings were significant in each plant treatment, with the exception of Ph treatment at 20-40 cm (Table 4) . A general decrease of the Cd concentration was also observed at 40-60 cm, but it was significant only in the T treatment (Table 4 ). The lower Cd removal at the deeper level can be due to the general root-density decrease with depth (Cunningham et al. 1996) . Zn concentration showed a significant decrease during the time at all the layers in the grass-shrub association treatments (O, T and S treatments) and in the treatment with P. australis, even though the values remained slightly higher than Legal limits for urban use. The decrease in this parameter in the P treatment was significant only at surface level (Table 4) .
The other heavy metals (Cu, Cr, Pb and Ni), already under the law standard for urban use, decreased further during the plant treatments. For this reason, data about each of these heavy metals were not reported, but their trends were represented by the sum of the milliequivalent (meq) concentrations of all the detected heavy metals (Cu, Cd, Ni, Zn, Cr and Pb) (Fig. 4) . As observed for Zn, a significant decrease in heavy metal concentration was showed by the P treatment only at the surface (0-20 cm), while the other treatments were, at the end of the experimental period, significantly lower than initial sampling in all the layers. This can be related to the fact that the roots of P. vaginatum explored only the first 20 cm of sediments ( Table 2) . The control treatment, as expected, generally did not show significant differences in the total metal concentration during the time (Fig. 4) , confirming the effect of the plants in heavy metal removal. Furthermore, the very low, or even absent, concentration of heavy metals in the leachate collected from each treatment, excluded a vertical movement of metals from the top layer toward the deeper layers with irrigation water (data not reported).
Organic contaminants
Total petroleum hydrocarbons (TPHs) showed a significant decrease ([35 %) in all the plant treatments at surface layer (0-20 cm) over time, while at the layer 20-40 cm a significant decrease was found only in the grass-shrub association and in the Ph treatments (Fig. 5) . At 40-60 cm, only the S, T and Ph treatments determined a significant reduction of TPHs. These results agree with other studies that have found a strong species dependence on the ability of phytoremediation to promote hydrocarbon degradation (Liste and Alexander 2000; Wiltse et al. 1998 ). This may be due to alterations in root exudate patterns (type and amount), which are dependent on plant species and stage of plant development (Fletcher and Hegde, 1995) , but may also be due to differences in root architecture (Aprill and Sims, 1990) . The sediment exploration by roots helps, Values are the average of six replicates and the coefficient of variation of the replicates ranged from 3 to 15 %. The lower case letters indicate significant differences (P \ 0.05) between the two sampling times of each treatment. The capital letters indicate significant differences (P \ 0.05) between the treatments at the same sampling time (O, Ph, S, T, C and P) in each depth (0-20, 20-40 and 40-60 in fact, in bringing plants, microorganisms, nutrients and contaminants into contact with each other (Cunningham et al. 1996) , thus enhancing the biodegradation of organic pollutants.
Despite the compost application, the control sediment showed a not significant decrease in TPHs at all the depths (Fig. 5) . The existence of a higher percentage of microbial population and activity in the planted sediments comparatively to the control (Figs. 2, 3) , confirmed that plant growth, coupled with active microbial activities at root level, represents the main mechanism of the TPHs biodegradation (Miya and Firestone 2001) . In other words, plants and microbes have co-developed a mutually-beneficial strategy for dealing with phytotoxicity, where microorganisms benefit from the plant exudates while plants benefit from the ability of microorganisms to break down toxic chemicals. This agrees with several further studies: Vervaeke et al. (2003) found enhanced TPH degradation in contaminated sediments planted with willows (57 % of original concentrations) compared to unplanted sediment after 18 months. Plants provide radical excretions such as carbon, energy, nutrients, enzymes and oxygen to the microbial population of the rhizosphere (Anderson et al. 1993) . Typically, higher and more diverse microbial populations have been seen in rhizosphere soil compared to unvegetated soil, thus contributing to improve the hydrocarbon degradation (Siciliano et al. 2003) .
Principal component analysis
The PCA multivariate statistical analysis gave a clearer picture of the relationship between parameters, the influence of the treatments on sediment properties, and the interactions among the different factors (time, layer and treatment). PCA isolated two principal components (PC) (total variance explained: 72.1 %) covering variables related to chemical, physical and biological parameters at the initial (October 2010) and final (May 2012) sampling times ( Table 5 ). The 1st PC (53.2 % of the total variance) included all the inorganic contaminants (Cd, Zn and total heavy metals), the organic contaminants (TPHs), the E.C., the pH and the total cultivable microbial population (CFU). The 2nd PC loading (18.9 % of the total variance) included total organic carbon and dehydrogenase activity.
The total microbial population was negatively correlated with the organic and inorganic contaminants (parameters significant on the same PC, PC1, with a different sign) indicating a negative effect of contamination on microbial growth. Similarly, dehydrogenase activity was positively affected by the addition of organic-C (parameters significant on the same PC, PC2, with the same sign).
The biplot of 1st PC to 2nd PC (Fig. 6 ) indicated that at the end of the experiment the plant treatments positively affected the sediment decontamination: in fact, all the planted sediments at the end of the experimentation were shifted with respect to the initial sampling time along positive values of PC1, which was negatively associated with organic and inorganic contaminants (Cd, Zn, total heavy metals and TPHs).
At the beginning of the experimentation (October 2010) the plant treatments were, at each layer (0-20, 20-40 and 40-60 cm) , very close to the respective control sediment and an effect of the sampling depth was well evident, being the surface samples distant from the subsurface samples in the biplot (shift along PC2 axis). At the end of the experiment (May 2012) the planted sediments, mainly at surface layer, were shifted away from the control sediments. At this sampling time the different layers were nearer on the PC2, thus highlighting the creation of a profile interested by plant roots which appeared more homogeneous when compared to the beginning (similar values of organic carbon and dehydrogenase activity). Conversely, the different layers were spread along the PC1, indicating the establishment of a decontamination efficiency gradient. In particular, the surface of sediments treated with grass and shrub species (S and T treatments), being more shifted towards positive values along the PC1 axis, showed a higher efficiency in contaminant removal. The decontamination in the P treatment was evident only at surface level, as indicated by the proximity of the subsurface layers to the control sediments.
Conclusions
The healthy state of the plants and the characterization of the sediments after the phytoremediation treatment highlighted the effectiveness of the process in remediating and recovering the sediments from an agronomical (chemical) and functional (biochemical) point of view. The obtained product can be referred to as a ''technosoil'' with most characteristics approaching those of a natural soil. Such technosoil can be feasible for several environmental uses, such as plant growth substrate, geo-material for reforesting eroded land or in the bioremediation of polluted degraded sites. The results obtained after 18 months of experimentation showed that all the plant treatments successfully reduced by more than 35 % the concentration of total petroleum hydrocarbon (TPHs) at the sediment surface (0-20 cm). At subsurface levels, the effectiveness of the phytoremediation systems were plant-species dependent, with P. australis, S. junceum and T. gallica treatments being more efficient in promoting hydrocarbon degradation. The Tamarix treatment induced also the highest heavy-metal reduction throughout the whole experimentation. T Tamarix ? Paspalum; C control; P Paspalum; EC electrical conductivity; TOC total organic carbon; TN total nitrogen; TP total phosphorus, DH-ase, dehydrogenase activity; CFU, total cultivable microbial population; TPHs total petroleum hydrocarbons In all the plant treatments, the increase of the detected biological parameters (total microbial population and dehydrogenase activity) with respect to the control indicated the stimulation of microbial metabolism favored by the organic matter application and the plant root-microorganism interaction, highlighting its influence on the activation of the decontamination processes.
All the above considerations may motivate the use of the phytoremediation, in particular through the association of the shrub species T. gallica and the grass species P. vaginatum, as a valid alternative to the current decontamination systems.
